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INTRODUCTION
Advanced propulsion systems such as the new generation of launch vehicles and especially hypersonic vehicles such as NASP, illustrated in figure 1, will push engine material and system requirements to higher temperatures (ref. 1) . New materials like metal and ceramic matrix composites are currently under development for these applications (ref. 2) . In addition, new technologies and approaches for control surface bearings and seals will be needed to meet these future applications.
Several proposed hypersonic vehicles will, for example, require sliding seals to operate in adverse environments encountered in engines and on control surfaces such as flaps and elevons. It has been estimated that linear sliding seals will be needed to seal the airframe structure from the heat of combustion in the engine and the frictional heat of the airstream and may need to operate successfully at temperatures near 1000°C (ref. 3 ). Since no current technology can meet these types of challenges development programs are currently underway at NASA to develop suitable seals.
One current approach to solve some of these advanced sealing problems is to use a braided linear rope seal in sliding contact with a cooled metallic counterface (ref. 4) . The rope seal is woven from ceramic fibers and is required to be able to withstand oxidative and reducing environments, which may contain water vapor, at temperatures to about 1000°C. Figure 2 shows, schematically, one such rope seal design.
For long seal life and low seal actuation forces, friction and wear of the rope must be minimized. Recent research suggests that, in sliding contacts, unlubricated ceramics exhibit high friction and wear (ref. 5) . Therefore, the determination and understanding of high temperature friction and wear properties of candidate seal materials are important issues.
The following paper attempts to address these issues. In this paper, two candidate ceramic fiber materials based on the A1203-SiO2-B203 system, Nextel 312 and Nextel 440, are compared by sliding them against Inconel 718 counterface disks at temperatures from 25 to 900°C under simulated seal conditions.
The goal of tile paper is twofold. One goal is to compare the relative durability of these two ceramic candidate materials and assess their potential for seal use. The second goal is to develop a convenient screening technique to evaluate other potential fiber materials.
APPARATUS AND PROCEDURES
Since many new fibers are available in limited quantities it is advantageous to have a screening technique that requires a minimum of material and minimal specimen preparation yet simulates the anticipated seal application.
The pin on disk test satisfies these needs. To conduct a test, a bundle of the fiber material to be tested, which typically contains _6000 fibers, _11 _um in diameter, is wrapped over the end a hemispherically tipped pin then loaded against a rotating counterface disk surface. Friction is continuously monitored during the test and fiber wear, which is determined by the number of fibers that break during sliding, is measured after testing.
This testing approach is a variation of the author's work done previously on woven fabric materials (ref. 6) . In that work, samples of woven ceramic fabric to be tested were draped over the end of a hemispherically tipped pin and rubbed against metal and ceramic test disks. The approach was successful but required a substantial amount of woven fabric for each sample. Many of the newly emerging ceramic fiber materials are not available in woven form and are only available as simple strands or bundles of fibers and in small quantities.
Therefore, it was important to develop a technique to test a bundle of fibers in sliding to assess durability using a minimum amount of material.
To achieve this requirement in this work, a short bundle of fibers is draped over the end of a specially machined Inconel 718 pin and held in place with loops of circumferentially wound stainless steel wire ( fig. 3) . The pin has grooves machined into the tip and shank to accept the b,mdle and prevent its slipping off during testing. As in the previous work with the woven fabric (ref. 6) , the pin has a small flat spot at its tip, 3.2 mm in diameter, to better support the fiber bundle and provide a uniform sliding area. The bundle is given a one half or 180°twist across the flat contact spot to help contain the bundle in the sliding contact and to orient the fibers at approximately a 45°angle with the sliding direction to better simulate proposed braided seal configurations ( fig. 4 ).
To test a fiber candidate, a bundle of fibers, usually containing about 6000, 11 pm diameter fibers, is mounted on the pin specimen. The pin is then slid against a counterface disk in a high temperature pin on disk tribometer.
The disk is 63.5 mm in diameter and 12.7 mm thick. The pin generates a 51 mm wear track on the face of the disk. Figure 5 shows a schematic of the tribometer used in this work. The tribometer has been described in detail elsewhere (ref. 7 ) and its main features will only be briefly described here.
The pin on disk tribometer is capable of sliding pin on disk specimens at loads from 0.1 to 100 kg at sliding speeds from 0.025 to 22 m/s. The specimens can be heated using a SiC glowbar furnace to temperatures of 1200°C. For the tests conducted here, the sliding speed was 0.025 m/s and the load was 0.270 kg. The test atmosphere was ambient air with a relative humidity ranging from 50 to 75 percent at 25°C. Test temperature was 25, 500 and 900°C. The test duration was 120 min. Friction was continuously measured during the tests. Wear was qualitatively monitored during the tests using an LVDT position sensor on the pin specimen and more exactly quantified after each test. By monitoring pin movement during the test, excessive fiber breakage can be detected and sliding can be suspended prior to the end of the typical two hr test period. Preliminary tests indicated that fiber wear occurs in a fairly uniform manner during the tests. Fiber wear data, within an uncertainty of about 5 percent, was determined using SEM micrographs and from post test visual observations.
The results from both of these techniques agree well.
MATERIALS
The materials tested in this test program consist of two candidate fiber materials with two different thermal treatments and one disk counterface material.
The fibers tested were 3M's Nextel 312 and Nextel 440. The fiber composition and mechanical properties are given in detail in table I. The fibers are made from alumina, boria and silica. Nextel 312 contains more of the glass former, boria, at 14 wt %, than Nextel 440 which contains only 2 wt % boria. Nextel 312, therefore, is more amorphous and glasslike and also has, in general, lower tensile strength than Nextel 440.
The fibers tested, were slightly oval in cross section with diameters of about 11 #m. All of the samples were heat cleaned at 500°C, in air for 1 hr to remove an organic sizing compound used by the manufacturer during processing (ref. 10). Furthermore, some samples which are designated with an HT suffix, Nextel 440HT for example, were heat treated in air at 950°C for 12 hr to make the fibers more resistant to moisture degradation at temperature.
In general, this heat treatment slightly lowers the tensile strength of the fibers (ref. 8 ).
The test disks were made of Inconel 718, a precipitation hardened nickel-chromium alloy. Table II gives the composition and hardness of the disk material.
This material is being considered as a possible candidate for seal applications because of its high temperature strength and oxidation resistance.
Prior to testing, the disk surface is lapped with alumina abrasive to a surface finish of about 0.1 #m rms. After lapping, the specimens are cleaned with freon, ethyl alcohol, scrubbed with a paste of levigated alumina and deionized water, rinsed with deionized water and air dried.
RESULTS
The friction and wear results for the tests conducted are given in table III. Wear is given by cycles to failure, CTF which is a common wear parameter for fiber materials (ref. 9). For these tests, the CTF is determined by first dividing the number of cycles tested by the number of fibers broken during the test and then multiplying by the total number of fibers in the bundle tested (in our case there are 6000 fibers). For example, if 50 percent of the fibers in a bundle (3000 fibers) break after a two hr test (1200 revolutions or cycles) the CTF is (1200)-(6000//3000) ----2400. That is to say it would take 2400 disk revolutions or cycles to break through the entire 6000 fiber bundle.
This measurement assumes that the fiber breakage rate is linear with time and is therefore, simplistic. However, CTF is a standard comparative measure for fiber durability in the textile industry and proves to be a useful measurement for these tests.
The friction data for the four test specimen combinations evaluated are given in table III and a typical friction plot is given in figure 6 . Each data curves in this plot represents the average of at least three experiments.
The data scatter values are shown in table III. From the data it can be seen that the friction coefficients at 500 and 900°C are higher than at room temperature.
This may be due to oxidation of the disk surface or the desorption of surface species on the specimens such as water vapor. Although there is a slight decrease in friction from 500 to 900°C this variation is well within data scatter.
DISCUSSION
Considering the CTF data, a ranking of the durability of the fibers can clearly be seen. The most durable fiber is the Nextel 440 followed by the heat treated 440, Nextel 312 and finally Nextel 312 in the heat treated condition. This ranking holds true for all of the temperatures tested. To better understand the reason for this ranking it is instructive to first examine the surface features of the worn fiber specimens and then combine those observations with the fibers' mechanical and physical properties.
MORPHOLOGICAL ASPECTS
Much can be learned about tribological tests by examining the wear surfaces as well as the numerical data values. Figures 7 to 9 show SEM photomicrographs of fiber bundles after sliding against the counterface disk. One apparent aspect is that the fiber bundles are wearing by brittle fracture and not be gentle abrasion. This finding is consistent with work done previously (ref. 6). Also noted is that little debris, transferred disk material or reaction products seem to be present. This is coincident with the fact that the Nextel 312 and 440 fibers tested are oxide ceramics which would not normally react in an air environment at these modest test temperatures.
Surface profilometry of the disk surfaces before and after testing indicate that, due to surface oxidation, the disk surface is rougher after elevated temperature runs than after room temperature runs. Although the arithmetic roughness parameter, Ra, increases three fold (table IV) , the surfaces are still fairly smooth and don't seem to have an effect on the fiber durability.
Further tests are required to determined the level of roughness which will cause an increase in fiber breakage. The major observation of the wear surfaces are that the fibers are failing in a brittle fracture mode and that the disk surface is, due to the growth of an oxide layer, somewhat roughened. Table V shows the tensile strength as a function of temperature for the four fiber conditions tested. From the data in the tables III and V, it can be seen that the ranking of the fibers in terms of tensile strength is the same as the ranking of the fibers in terms of CTF or durability. Although the correlation of the rankings of the fiber durability and tensile strength is good, a mathematical or functional relationship between CTF and tensile strength is not immediately apparent.
To better understand the factors affecting the fiber durability a dimensional analysis of the fiber durability and the factors affecting the CTF was conducted.
DIMENSIONAL ANALYSIS
A power product method of dimensional analysis was utilized to determine potentially meaningful dimensionless parameters and a possible relationship between fiber durability and tensile strength.
This technique consists of setting an arbitrary relationship between the desired measurand, the CTF, and the probable factors affecting it. In our case the CTF is likely to be affected by fiber tensile strength(TS), fiber cross section area(A), friction coefficient (_) and load(Fn) , temperature(t) and counterface surface roughness(Ra). Mathematically:
Since temperature directly affects the fiber tensile strength and the load is constant, we can eliminate temperature and combine the friction coefficient and the load force into one variable, the friction force, Ff.
Written as a power product the relation is as follows:
where K is an arbitrary constant or a function of other variables held constant in these tests (e.g., total numbers of fibers). Since there are two equations and four unknowns the results will be somewhat arbitrary but the assumptions made can be verified by the data and may prove to be useful.
If we let: a----lthenc-----1.
Then using the equation for length:
If it is assumed that the surface roughness effect is small for these tests, i.e., d _-, 0, then: b = 1 and the following relation is found:
If we then substitute the fiber diameter squared, D2, for the area, incorporating the _r/4 term in the constant and expand the friction force back to the product of the friction coefficient and the load, the relation is as follows:
This relationship gives the fiber durability in terms of a durability ratio which incorporates fiber and test condition parameters.
The numerator is essentially a measure of the fiber breakage strength and the denominator is a measure of the applied friction force which acts to break the fibers.
To assure the validity of the assumption to neglect the surface roughness, fiber durability tests were conducted at various roughnesses where all other parameters are held constant. Results from these tests are shown in table VI. Clearly, over the range of surface roughnesses tested the fiber durability is not greatly affected. This may not be the case for different fibers or slightly more roughened surfaces. More research is underway to determine the limits of the assumption to neglect surface roughness. For the tests discussed here, the assumption to neglect roughness in the CTF relation is justified.
The relationship established by the dimensional analysis and the identification of an important dimensionless parameter helps to explain and understand the data. The usefulness of the analysis and the dimensionless durability ratio or parameter can be seen by examining a plot of fiber durability (CTF) versus the durability ratio (TS • D2//_Fn) as shown in figure 10 . Though the data is not comprehensive, a trend is apparent.
That is that, rather than a simple linear function, the CTF seems to be a step function of fiber strength to fiber breakage forces. Others have found similar connections between ceramic wear and fracture behavior (ref. 11).
The CTF is low for (TS • D2/#Fn) ratios lower than about 0.12. Above this point the CTF rises dramatically.
This implies that a threshold exists around a ratio of 0.12 below which poor fiber durability is exhibited and above which good fiber durability is observed.
Much of the data scatter in figure 10 may be the result of uncertainties in the tensile strength data which in some cases was extrapolated from data at other temperatures and also friction data scatter. Nonetheless the dimensional analysis model helps to delineate the important variables and helps to explain the data we measure.
For example, the model clearly explains why the fibers with higher tensile strength exhibit more durability.
Also, the gain in strength must be tempered by a possible increase in friction or load which cause the frictional stresses on the fibers to increase. This indicates that durability can be enhanced by reducing the loads or by lubricating the fibers. Both of the options are available to seal designers and have been shown to be effective in previous research with these materials in woven fabric form (refs. 6 and 8).
Although the data scatter is large, figure l0 can be used to determine the approximate value of the threshold separating durability behavior for this materials system. It must be pointed out, however, that this value is only crudely approximate.
More data on other fiber materials needs to be acquired to ensure better accuracy. Also, this analysis is based upon mechanics and data taken where physical properties seem to dominate chemical ones. For other materials systems, chemical reactivity with the environment and other materials in the environment may have a significant impact on durability.
CONCLUSIONS
The relative durability of two fiber materials in two conditions were evaluated using a pinon-disk tribometer.
The test technique developed provided repeatable data in a convenient manner using a minimal amount of test material.
The test results and observations were consistent with the brittle behavior of ceramic materials in sliding contact and corroborated research done previously with these ceramic fiber materials in woven fabric form. Based upon these tests the following specific conclusions can be drawn:
1. In terms fiber durability, Nextel 440 without the heat treatment is the most durable fiber material.
2. In these tests where the friction coefficients were comparable, the fiber durability ranking correlates well with the tensile strength ranking indicating that tensile data may provide insight for seal material selection and screening.
3. Over the limited roughness range studied here, surface roughness had no measurable effect oll fiber durability.
Fiber durability decreased and friction increased with temperature.
This may be due to a variety of factors including lower fiber strength and possible changes in the chemistry of the fiber/counterface sliding contact.
5. A simple model developed from a dimensional analysis indicates that fiber durability is related to a durability ratio of the fiber strength to the frictional stresses imposed on the fibers due to sliding. 
